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Neural Tissue in Ascidian Embryos Is Induced
by FGF9/16/20, Acting via a Combination
of Maternal GATA and Ets Transcription Factors
of neural induction, which was subsequently applied to
other vertebrates (Harland, 2000). It can also be ex-
tended to ascidians. In these embryos, the anterior neu-
ral tissue is formed by anterior animal cells (a-line) in
response to an early inductive interaction with anterior
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FGF signaling may play such a role. A requirement forIn chordates, formation of neural tissue from ectoder-
this pathway during neural induction was first suggestedmal cells requires an induction. The molecular nature
in Xenopus (Hongo et al., 1999; Launay et al., 1996)of the inducer remains controversial in vertebrates.
although its importance remains an object of contro-Here, using the early neural marker Otx as an entry
versy (Munoz-Sanjuan and Hemmati-Brivanlou, 2002).point, we dissected the neural induction pathway in
In chick, an FGF signal acting before gastrulation isthe simple embryos of Ciona intestinalis. We first iso-
required for neural induction and FGF is sufficient tolated the regulatory element driving Otx expression in
induce early neural markers (Streit et al., 2000; Wilsonthe prospective neural tissue, showed that this ele-
and Edlund, 2001). In ascidians, the inducing signal,ment directly responds to FGF signaling and that
which acts before the onset of gastrulation, can be mim-FGF9/16/20 acts as an endogenous neural inducer.
icked by exogenous human bFGF (Lemaire et al., 2002).Binding site analysis and gene loss of function estab-
Furthermore, inhibition of MEK or Ras, downstreamlished that FGF9/16/20 induces neural tissue in the
components of the FGF pathway, blocks ascidian neuralectoderm via a synergy between two maternal re-
induction (Hudson et al., 2003). Thus, a role for FGFsponse factors. Ets1/2 mediates general FGF respon-
signaling in neural induction may be conserved among
siveness, while the restricted activity of GATAa targets
chordates. In parallel and concomitantly, FGF signaling
the neural program to the ectoderm. Thus, our study is also involved in vertebrate and ascidian mesoderm
identifies an endogenous FGF neural inducer and its induction (Nishida, 2002), raising the question of whether
early downstream gene cascade. It also reveals a role the same FGF is involved in both processes and of how a
for GATA factors in FGF signaling. similar inducer is interpreted differently by presumptive
neural and mesodermal cells. Understanding this issue
Introduction will require the unraveling of the transcriptional logic
acting downstream of FGF in these two cell types.
The chordate body plan, shared by vertebrate, amphi- The FGF factor(s) involved in neural induction have so
oxus, and ascidian larvae, is characterized by the pres- far been identified neither in vertebrates nor in ascidians.
ence of a central notochord and a dorsal neural tube. Vertebrate genomes have undergone two rounds of du-
In 1924, Spemann and Mangold demonstrated that, in plications and thus harbor a large family of FGF ligands
amphibian embryos, a piece of dorsal mesoderm (the (at least 23 in human). A possible functional redundancy
organizer) can induce the formation of a neural tube in between these factors could make the identification of
ectodermal cells otherwise fated to become epidermis the inducer difficult. In contrast, the compact genome
(Spemann and Mangold, 1924). This led to the concept of the ascidian, Ciona intestinalis, has not undergone
large-scale duplications and contains only 6 FGFs (De-
hal et al., 2002).*Correspondence: bertrand@ibdm.univ-mrs.fr (V.B), lemaire@ibdm.
univ-mrs.fr (P.L.) In ascidians, Otx is the earliest gene known to be
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expressed in the prospective neural tissue and like its to 1541 did not alter the activity of the construct. In
contrast, the region located between1541 and1417vertebrate counterpart, Otx2, it plays an important role
in early neural development (Hudson and Lemaire, 2001; was required for expression in the a6.5 lineage, and is
thus hereafter referred to as the a-element. ConsistentWada et al., 1996, 2002; Wada and Saiga, 1999). In this
study, we isolated the early neural cis-regulatory ele- with the simultaneous induction of Otx in a6.5 and b6.5
by vegetal cells, deletion of the a-element also reducedment of Otx and used this as an entry point to dissect
the neural induction pathway in Ciona intestinalis. This the activity in the b6.5 lineage. Finally, regions located
between positions 1417 to 1133, and 706 to 271led us to identify FGF9/16/20 as the endogenous neural
inducer and to show that its activity in ectodermal terri- were required for expression in A-line, and B/b-lines re-
spectively.tories is mediated by a synergy between Ets1/2, a gen-
eral FGF responsive factor, and GATAa, an ectoderm-
specific FGF mediator. The a-Element Is Sufficient to Drive Expression
in the a6.5 Neural Precursors and Is Directly
Activated by FGF SignalingResults
To test whether the a-element, necessary for Otx expres-
sion in a6.5, was also sufficient to drive expression in thisIdentification of a cis-Regulatory Element
Necessary for Otx Activation in the a6.5 lineage, we placed the fragment extending from 1541
to1418 in front of the Ciona Brachyury basal promoterNeural Precursors (a-Element)
Otx expression starts in the animal a6.5 pair of blasto- (Erives et al., 1998) with LacZ as a reporter (a-pBra
construct, Figure 2A). Following electroporation of thismeres as they become restricted to anterior neural fate,
at the onset of the neural induction process (32-cell construct, LacZ activity was detected at the 110-cell
stage in the progeny of both a6.5 and b6.5 (Figure 2A).stage, Figure 1A; Hudson and Lemaire, 2001). At this
stage, Otx is also activated in the animal b6.5 pair of Expression could also be detected, at a lower level,
in the B-line. The same result was obtained followingblastomeres (precursors of the posterior dorsal neural
tube and of the dorsal midline which constitutes a neuro- microinjection of the construct (not shown). The
Brachyury basal promoter alone had no activity at thisgenic region [Akanuma et al., 2002; Nishida, 1987]) and
in some vegetal B-line blastomeres (precursors of the stage and it could be replaced by other basal promoters
(Ci-Gsx, C.H. and P.L. unpublished; HrMA4A, [Hikosakaposterior mesendoderm). Interestingly, Otx activation
in b6.5, as in a6.5, requires an induction from vegetal et al., 1994]) without qualitatively altering the expression
of the transgene (not shown). In the absence of a basalblastomeres (Hudson and Lemaire, 2001).
To identify the regulatory elements responsible for promoter, the a-element had no activity, showing that
it acts as an enhancer rather than as a promoter (notOtx activation in the a6.5 neural precursors, we cloned
a genomic fragment extending from 3.5 kb upstream of shown).
Previous results indicated that Otx expression in boththe first nucleotide of the published cDNA (Hudson and
Lemaire, 2001) to the initiator ATG, located in the second a6.5 and b6.5 blastomeres was dependent on MEK sig-
naling, and that expression of the gene in animal cellsexon. This fragment was placed upstream of a LacZ
reporter gene (Figure 1A) and electroporated into fertil- (a- and b-line) could be stimulated by human bFGF (Hud-
son et al., 2003; Hudson and Lemaire, 2001). To testized eggs. Analysis of the expression of the transgene
was assayed either by LacZ RNA in situ hybridization, whether the a-element responded to FGF, embryos elec-
troporated with a-pBra were treated with recombinantor by Xgal detection of LacZ protein activity (Figure 1A).
At the 32-cell stage, analysis by in situ hybridization bFGF from the 16-cell stage and the activity of the con-
struct was analyzed by Xgal staining at the 110-cellshowed that the construct reproduced the activation of
Otx expression in the different lineages, including the stage (Figure 2A). FGF treatment increased the activity in
a6.5 and b6.5 lineages. It also induced a strong ectopica6.5 neural precursors. At this stage, LacZ protein was
not yet detectable, probably due to the time required for activity in all other animal cells while it elicited only a
weak activation in vegetal cells. This shows that theprotein synthesis. At the 110-cell stage (early gastrula),
expression of Otx in a6.5, b6.5, and some B derivatives a-element is an FGF response element preferentially
active in animal cells.decreases (hatched in Figure 1A), while a new site of
expression appears in some vegetal A-line cells (precur- To determine whether Otx and the a-element are di-
rectly responsive to FGF, we tested whether their activa-sors of the anterior endoderm). In electroporated em-
bryos, LacZ mRNA still faithfully mirrored the expression tion by bFGF is sensitive to puromycin treatment, a pro-
tein synthesis inhibitor. Animal blastomeres from controlof endogenous Otx. In contrast, because of the higher
stability of LacZ protein, Xgal staining was found in every embryos or from embryos injected with a-pBra were
isolated at the 8-cell stage. Explants were then culturedlineage that had expressed Otx so far, recapitulating the
expression of the transgene at previous stages. The in the presence or absence of puromycin from the time
of isolation, treated with bFGF at the equivalent of thesame result was obtained when the construct is intro-
duced by microinjection in the egg instead of electropor- 16-cell stage and tested for the presence of Otx or LacZ
messenger at the 44-cell stage and of LacZ protein atation (not shown).
Next, we performed a series of deletions of the initial the 110-cell stage. Untreated animal explants or those
treated with puromycin alone showed neither expres-construct to localize element(s) necessary for Otx activa-
tion in the a6.5 lineage. The activity of these constructs sion of Otx nor activation of the a-element (Figure 2B).
FGF treatment induced a robust puromycin-indepen-was tested by Xgal staining at the 110-cell stage (Figure
1B). Removal of the first intron or 5 deletions up dent expression of both Otx and the transgene (Figure
Neural Induction Pathway in Ciona
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Figure 1. Isolation of a cis-Element Required
for Otx Activation in the a6.5 Neural Pre-
cursors
(A) 3.5 kb upstream and the first intron repro-
duce the early expression of Otx. LacZ RNA
or LacZ protein were detected by in situ hy-
bridization or Xgal staining respectively, on
electroporated embryos fixed at the 32-cell
stage (animal view) or 110-cell stage (vegetal
view). The electroporated construct (top
drawing) contains 3541 bp upstream of the
first exon (gray box), the first intron (i1) and
the non-coding region of the second exon
(gray box), upstream of LacZ. Left, schematic
drawings present endogenous Otx expres-
sion (cells expressing Otx in plain color; cells
which expressed Otx at earlier stages, but
where Otx messengers have become barely
detectable in hatched color). For all pictures
anterior is up, scale bar  50 m.
(B) Deletion analysis of the Otx upstream re-
gion. Embryos were electroporated with vari-
ous deletion constructs (presented on the
left) and analyzed by Xgal staining at the 110-
cell stage. The graph presents the percent-
age of embryos showing expression for each
lineage (same color code as [A], n  180 for
each construct). As not all cells inherit the
reporter construct following electroporation,
an embryo was considered positive in one
lineage if at least one cell in this lineage is
stained. A representative embryo (vegetal
view) is presented for each group of con-
structs. A red box marks the deletion of the
a-element. For all pictures anterior is up,
scale bar  50 m.
2B). Puromycin treatment, however, blocked the synthe- onset of Otx expression at the 32-cell stage. The Ciona
intestinalis genome contains 6 members of the FGF fam-sis of LacZ protein from the transcripts (FGF alone: 35/
79; FGF  puromycin: 0/85), demonstrating the effi- ily (Dehal et al., 2002). By in situ hybridization, we could
only detect one FGF, FGF9/16/20, expressed at the rightciency of the translation inhibition (not shown). Taken
together these data show that the a-element, like Otx, time and place to be the inducer. Its expression started
at the 16 cell-stage in the A-line and some B-line cellsis directly activated by FGF signaling in animal cells.
The fact that the element responsible for the activation (Figure 3A). Expression was stronger in the A-line than
in the B-line, and this difference is further enhancedof Otx in the a6.5 neural precursors is a direct FGF
response element strongly suggests that the endoge- at the early 32-cell stage (Figure 3A). This expression
pattern is similar to that of the Ciona savignyi ortholognous neural inducer is an FGF. We next sought to identify
the Ciona FGF acting upstream of Otx during the earliest (Imai et al., 2002) and is consistent with a role for FGF9/
16/20 as endogenous neural inducer.step of neural induction.
We next tested whether FGF9/16/20 is able to induce
neural tissue and repress epidermis in animal cells. Mi-FGF9/16/20 Is Necessary and Sufficient for the
Onset of Neural Tissue Formation cro-injection of FGF9/16/20 RNA into eggs, followed by
the explantation of animal cells at the 8-cell stage ledOtx activation in the a6.5 neural precursors requires an
interaction with the anterior vegetal blastomeres (A-line) to the activation at the 44-cell stage of both the a-ele-
ment and endogenous Otx in the explants (Figure 3B).(Hudson and Lemaire, 2001). Thus, the inducing FGF
should be expressed in A-line blastomeres, before the This was accompanied at the neurula stage by the acti-
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Figure 2. The a-Element Is a Direct FGF Re-
sponse Element
(A) The a-element drives expression in the
a6.5 neural precursors and responds to
bFGF. Embryos were electroporated with a
construct containing the a-element (-1541 to
-1418) placed upstream of the basal promoter
of Brachyury (pBra) driving LacZ as a re-
porter. The activity of the reporter, in un-
treated or bFGF-treated embryos, was ana-
lyzed by Xgal staining at the 110-cell stage.
Pictures show embryos, which have received
the construct only on the right side (animal
view, anterior is up, the dashed line repre-
sents the midline). The graph presents the
percentage of embryos showing expression
for each lineage (ecto an.: ectopic expression
in animal cells, Anoto: A notochord lineage,
Atnc: A tail nerve cord lineage; untreated: n
383, bFGF: n  182). Scale bar  50 m.
(B) The a-element and Otx directly respond
to bFGF in animal cells. Animal cells were
explanted at the 8-cell stage, treated with pu-
romycin (Puro) from the 8-cell stage, with
bFGF from the 16-cell stage and analyzed,
by in situ hybridization, at the 44-cell stage for
a-element activity (LacZ messenger in a-pBra
injected explants), or Otx expression. Hetero-
geneous expression of LacZ in the top panels
is due to the mosaic inheritance of the plas-
mid. Numbers: number of positive explants /
total number of explants; scale bar 100m.
vation of the neural marker Etr1 and the repression of of FGF9/16/20, we analyzed the expression of the epi-
dermal marker, Epi1, in FGF9-MO injected embryosthe epidermis marker Epi1 (Figure 3B). Thus, overex-
pression of FGF9/16/20 in animal cells activates neural whose cleavage had been arrested from the 64-cell
stage by cytochalasin B. In these embryos, arrestedmarkers and represses epidermis formation.
Conversely, FGF9/16/20 is required for neural induc- cells continue to differentiate according to their normal
fate, while allowing easy cell identification. In controltion in the embryo. The activity of ascidian develop-
mental genes can be specifically inhibited by injection embryos, at the equivalent of the neurula stage, Epi-1
was expressed in all a- and b-line cells except for theof antisense morpholino oligonucleotides (Satou et al.,
2001). Injection of a morpholino, FGF9-MO, directed a-line neural plate cells. In morpholino-injected em-
bryos, Epi-1 was additionally expressed by the a-lineagainst the FGF9/16/20 mRNA, blocked the activation
of the a-element (Figure 3C), while injection of a control neural plate cells, suggesting that these cells had ac-
quired an epidermal identity. Finally, there was no recov-morpholino of unrelated sequence, CTRL-MO, did not
(not shown). Coinjection of FGF9-MO with modified ery of the a-line neural tissue at later stages as assessed
by the loss of both molecular and morphological mark-FGF9/16/20 RNA not recognized by the morpholino, res-
cued the activity of the a-element, suggesting that the ers (TRP and 24H09 (Hudson et al., 2003) at tailbud
stage: 0/26 and 0/29 respectively; palps and pigmentobserved effect was due to the specific inactivation of
FGF9/16/20 (Figure 3C). The impairment of this early cells at larval stage: 0/15; not shown).
Taken together, FGF9/16/20 appears necessary andstep of neural induction was confirmed by analyzing the
effect on endogenous Otx expression (suppression in sufficient for the early binary decision made by some
a-line cells to adopt a neural rather than an epidermala6.5 and b6.5 but not B, Figure 3C).
Loss of function of FGF9/16/20 was accompanied by fate. It hence satisfies the criteria for being an endoge-
nous neural inducer in Ciona.a more general inhibition of the neural induction process.
At the neural plate stage, expression of the Ciona or-
tholog of vertebrate ROR2 (Oishi et al., 1999), which The Activity of the a-Element Is Based on a
Synergy between Ets and GATA Binding Sitesspecifically marks the a-line neural plate, was lost in
embryos injected with FGF9-MO (Figure 3C). To analyze Interestingly, FGF9/16/20 is known to act, during the
cleavage stages, as an endogenous inducer of noto-the fate of the a-line neural plate cells in the absence
Neural Induction Pathway in Ciona
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Figure 3. FGF9/16/20 Is Necessary and Suffi-
cient to Induce Neural Tissue and Repress
Epidermal Identity
(A) Early expression pattern of FGF9/16/20.
FGF9/16/20 mRNA was detected by in situ
hybridization at the 16- and 32-cell stage
(vegetal view, anterior is up). Scale bar 
50 m.
(B) FGF9/16/20 induces neural tissue and re-
presses epidermis in animal cells. Animal
cells of uninjected (CTRL) or FGF9/16/20 RNA
injected embryos, were isolated at the 8-cell
stage and analyzed for a-element activity
(LacZ in situ hybridization at the 44-cell stage
in a-pBra injected embryos) or the expression
of Otx (44-cell stage), Etr1 and Epi1 (neurula
stage). Number  positive explants/total;
scale bar  100 m.
(C) FGF9-MO converts the a-line neural plate
into epidermis. Embryos, uninjected (CTRL)
or injected with FGF9-MO, were analyzed for
a-element activity (Xgal staining at 110-cell
stage in a-pBra injected embryos, vegetal
view) or expression of Otx (44-cell stage, ani-
mal view), ROR2 (neural plate stage, dorsal
view) and Epi1 (equivalent neurula stage after
cleavage arrest at the 64-cell stage, animal
view). The last line shows a rescue of FGF9-
MO for the a-element by coinjection of modi-
fied FGF9 RNA, followed by the precise local-
ization, on schematics or embryo, of the
a-line neural cells (in red). Number embryos
positive in the a-line neural plate / total em-
bryos (*: in the 9 positive embryos, only little
spots of staining remain); anterior is up; scale
bar  50 m.
chord and mesenchyme in vegetal cells (Imai et al., sponse, the high density of GATA binding sites in the
a-element and their conservation suggests functional2002). Our demonstration that it also acts as a neural
inducer in animal cells raises the issue of the differential relevance. We therefore analyzed the effect of mutating
these two types of sites on the activity of the regulatoryinterpretation of a single signal by different cells. As
shown on Figure 2A, the a-element primarily displays element during embryogenesis and in response to FGF.
Mutation of the two Ets binding sites completely sup-FGF-responsiveness in animal cells and thus its dissec-
tion may help us to understand the transcriptional logic pressed the expression of the transgene in the a6.5
lineage and greatly reduced its activity in the b6.5 lin-downstream of FGF in these cells.
To map potential regulatory sites in the a-element, we eage, while mutation of either site had a weaker effect
(Figure 4B). This reduction in the in vivo activity of theisolated in silico the corresponding region in the genome
of the closely related species Ciona savignyi. Alignment a-element was paralleled by a reduction of its respon-
siveness to FGF signaling (Figure 4C). The GATA bindingof the C. intestinalis and C. savignyi sequences revealed
the presence of two consensus Ets binding sites (light sites also play a role in the activity of the a-element.
Mutation of the first five sites suppressed the in vivogray), and seven consensus GATA binding sites (dark
gray) conserved between the two species (Figure 4A). activity of the a-element and drastically reduced its re-
sponse to FGF, while mutation of the last two sites hadEts transcription factors have previously been impli-
cated in the FGF transduction pathway (Yordy and a weaker effect (Figures 4B and 4C).
The reduction of the a-element to three GATA andMuise-Helmericks, 2000). Although GATA transcription
factors have not so far been implicated in an FGF re- two Ets binding sites (Figure 5A) only slightly decreased
Cell
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Figure 4. A Combination of Ets and GATA
Binding Sites Is Required for the Endogenous
Activity of the a-Element and Its Response
to FGF
(A) Phylogenetic footprinting of the a-element
between Ciona intestinalis (Ci) and Ciona sav-
ignyi (Cs). Stars indicate conserved nucleo-
tides, dark gray boxes and light gray boxes
indicate consensus GATA binding sites and
Ets binding sites, respectively.
(B) Both Ets and GATA sites are required for
the activity of the a-element. Embryos were
electroporated with the indicated a-element
constructs, mutated (cross) for Ets or GATA
binding sites, and analyzed by Xgal staining
at the 110-cell stage. The graph represents,
for each lineage, the percentage of embryos
showing expression (n  300 for each con-
struct).
(C) Both Ets and GATA sites are required for
the response to FGF. Embryos were electro-
porated with the indicated mutated con-
structs, treated with bFGF from the 16-cell
stage and analyzed by Xgal staining at the
110-cell stage. The graph represents the per-
centage of positive embryos regardless of the
lineage (n  300 for each construct and con-
dition).
its activity (Figure 5B). In addition to the Ets and GATA shown to respond to FGF (Nishida, 2002), this result
suggests that Ets binding sites constitute general FGFbinding sites, this reduced a-element also contains a
stretch of conserved nucleotides between the two Ets response sites in early Ciona embryos. Consistent with
this proposition, FGF treatment activated the dimerizedsites but its mutation had no effect (Figure 5B).
These results suggest that the endogenous activity Ets-fragment in all cells (Figure 5B).
GATA sites behaved in a more unexpected way. Whileof the a-element, and its FGF responsiveness, are due
to cooperation between Ets and GATA binding sites. a fragment containing the three GATA binding sites
(GATA-fragment) isolated from the rest of the element
had no activity, a dimer of this fragment, containing 6Ets and GATA Sites Fulfill Different Functions
GATA sites, was weakly active in animal cells of un-To more precisely analyze the respective function of Ets
treated embryos (Figure 5B). FGF treatment of embryosand GATA binding sites, we isolated them from the rest
electroporated with the dimerized GATA-fragment ledof the element.
to two important outcomes. First, it greatly increasedA fragment containing the two Ets binding sites (Ets-
the activity of the dimerized GATA-fragment, arguingfragment) isolated from the rest of the element had virtu-
that GATA sites themselves can mediate FGF respon-ally no activity, but it was active when dimerized (Figure
siveness. Second, FGF treatment activated this dimer5B). Contrary to the initial a-element, which was prefer-
in all animal cells but not in vegetal cells, suggestingentially active in the animal region, the dimerized Ets-
that GATA sites constitute animal-specific FGF re-fragment, containing 4 Ets sites, showed the same level
sponse elements in Ciona embryos. Finally, we note thatof expression in the animal (a6.5 and b6.5) and the vege-
4 Ets sites (dimerized Ets-fragment) or 6 GATA sitestal region (A, B). As FGF9/16/20 is expressed in the
vegetal region and several vegetal cells have been (dimerized GATA-fragment) have a weaker activity than
Neural Induction Pathway in Ciona
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Figure 5. Ets Binding Sites Respond to FGF in All Cells while GATA Binding Sites Respond to FGF Only in Animal Cells
(A) Phylogenetic footprinting of the reduced a-element (-1472 to -1418) between Ciona intestinalis (Ci) and Ciona savignyi (Cs).
(B) Dissection of the a-element. Embryos were electroporated with various constructs (left) and analyzed by Xgal staining at the 110-cell
stage. Some electroporated embryos were treated with bFGF from the 16-cell stage. The cross represents the mutation of the conserved
stretch of nucleotides located between the two Ets binding sites. The graph presents the percentage of embryos showing staining for each
lineage (ecto an: ectopic expression in animal cells, Anoto: A notochord lineage, Atnc: A tail nerve cord lineage; n  150 for each construct
and condition).
a combination of 2 Ets sites and 3 GATA sites. This While the transcripts for GATAa, a divergent member of
the vertebrate GATA4/5/6 family, are ubiquitously dis-reinforces the idea that these two types of sites act in
tributed in eggs and early embryos with a progressivelysynergy, as already observed in mutation experiments
decreasing level (not shown; D’Ambrosio et al., 2003),(Figure 4B).
we could not detect transcripts for the other GATA gene,In summary, these data suggest that the spatial speci-
GATA1/2/3, at early stages. Thus Ets1/2 and GATAaficity of the a-element is achieved via the synergy be-
constitute prime candidates for mediating the activitytween two types of sites. Ets binding sites provide a
of the a-element.general response to FGF, while GATA binding sites me-
To test whether the function of these genes is requireddiate preferential response to FGF in animal cells. We
for the activation of the a-element in vivo, we microin-next sought to identify the endogenous Ets and GATA
jected morpholinos directed against the initiator methio-factors involved in this process.
nine of Ets1/2 or GATAa mRNAs (Ets1/2-MO and
GATAa-MO). In both cases, analysis of injected embryos
The Maternal Transcription Factors, Ets1/2 showed a strong decrease in the activity of coinjected
and GATAa, Mediate the Activation a-element, which could be rescued by additional coin-
of Otx via the a-Element jection of the respective mRNAs, modified so that they
Analysis of the Ciona intestinalis genome reveals the were not recognized by the morpholino (Figure 6A).
presence of 15 members of the Ets family and 2 mem- Thus, both Ets1/2 and GATAa are required for the activity
bers of the GATA family. In another ascidian species, of the a-element. While both Ets1/2 or GATAa morpho-
Halocynthia roretzi, Ets1/2 is required for the activation linos reduce the animal expression of endogenous Otx
of FGF targets in both vegetal and animal hemispheres (Ets1/2: 25% suppressed, 36% reduced, n 84; GATAa:
(Miya and Nishida, 2003). The mRNA of the C. intestinalis 59% suppressed, 27% reduced, n  44), only Ets1/2
Ets1/2 ortholog is ubiquitously distributed in the egg morpholino affects Brachyury expression, a vegetal tar-
get of FGF9/16/20 (Imai et al., 2002), (Ets1/2-MO: 0/27and during early stages of development (not shown).
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Figure 6. Ets1/2 and GATAa Are Required for Otx Activation via the a-Element
(A) Ets1/2 and GATAa morpholinos reduce the activity of the a-element. Embryos, coinjected with a-pBra, morpholinos and RNA, were analyzed
at the 110-cell stage by Xgal staining. The graph represents the mean number of positive cells per injected embryo with SEM error bars. Two
representative embryos are shown on the right (vegetal view).
(B) Ets1/2-MO affects both Otx and Brachyury expression, while GATAa-MO affects only Otx. Embryos either uninjected or injected with Ets1/
2-MO and GATAa-MO were analyzed for Otx (44-cell stage, animal view) or Brachyury expression (110-cell stage, vegetal view).
(C) GFP-GATAa protein fusion localization. After RNA injection in the egg, GFP-GATAa protein was detected by immunostaining at the 16 or
late 32-cell stage. The white arrows point to examples of nuclei at the 16-cell stage.
Neural Induction Pathway in Ciona
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embryos express Brachyury; GATAa-MO: 20/20; Figure that FGF9/16/20 is the endogenous neural inducer on
the basis of the following observations: (1) FGF9/16/206B). Thus, endogenous GATAa, contrary to Ets1/2, spe-
cifically acts in vivo in the animal response to FGF9/ is expressed by the inducing cells at the beginning of
the induction process, (2) it is both necessary during16/20. This was further confirmed by overexpressing
a repressor version (EnR-GATAa) of this factor, which normal embryogenesis and sufficient in isolated animal
cells to induce neural tissue and repress epidermal iden-completely blocked animal Otx expression without in-
terfering with vegetal Brachyury expression (Otx: 0/16; tity, and (3) FGF signaling directly activates the early
neural marker Otx, via its endogenous neural enhancer,Brachyury: 21/21; not shown).
Finally, coinjection of Ets1/2-MO and GATAa-MO led without any translational relay. The idea that FGF signal-
ing directly induces neural tissue is further supportedto a complete loss of a-element activity and of the animal
expression of endogenous Otx (a6.5 and b6.5 but not by the fact that bFGF treatment or FGF9/16/20 overex-
pression induces neither mesodermal nor endodermalB, Figures 6A and 6B), phenocopying the effect of FGF9-
MO (Figure 3C). Thus, cooperation between two mater- markers in animal cells (Darras and Nishida, 2001; Hud-
son and Lemaire, 2001; Imai et al., 2002; Inazawa et al.,nal transcription factors playing different roles, Ets1/2
and GATAa, is required, in vivo, for Otx activation in the 1998). Although we cannot formally exclude the possibil-
ity that FGF9/16/20 activates another FGF in the vegetala6.5 neural precursors.
The ubiquitous localization of GATAa mRNA suggests cells, which secondarily induces neural tissue in animal
cells, the short time lag between initiation of FGF9/16/that the restriction of GATAa activity to the animal hemi-
sphere occurs at the posttranscriptional level. To ana- 20 expression in vegetal cells (late 16-cell stage) and
induction of Otx expression in animal cells (32-celllyze the distribution of the GATAa protein translated
from this ubiquitous mRNA, we inserted GFP in frame stage), together with the fact that we could not detect
another FGF activated in the vegetal cells at the begin-in the GATAa cDNA. The corresponding synthetic mRNA
was injected in unfertilized eggs and the distribution of ning of neural induction, make this possibility very un-
likely.the fusion protein revealed by anti-GFP immunostaining
(Figure 6C). At the 16- and early 32-cell stage, GFP-
GATAa was detected in the nuclei of both animal and Maternal Ets and GATA Factors Act Downstream
vegetal hemisphere. Nuclear localization of the fusion of FGF in the Neural Induction Pathway
protein was due to its GATAa part, as it was prevented To determine how FGF9/16/20 neuralizes ectodermal
by the introduction of a stop codon downstream of GFP cells, we dissected the early neural enhancer of the
(not shown). During the second half the 32-cell stage, direct FGF target gene Otx. This led us to propose the
GFP-GATAa became mainly restricted to the animal nu- model, presented in Figure 7A, for the FGF neural induc-
clei. Finally, nuclear staining reappeared in the vegetal ing pathway. Previously, we showed that the signal goes
half by the end of the 44-cell stage (not shown). via the Ras/Mek/Erk pathway (Hudson et al., 2003). Here,
GATAa acts in the FGF signaling cascade. To test we demonstrate, by both gene loss of function and bind-
whether its transient restriction to the animal nuclei ing sites analysis, that cooperation between the mater-
could account for the animal-specific response of the nal transcription factors, Ets1/2 and GATAa, mediates
a-element to FGF, we analyzed precisely when FGF sig- the initial transcriptional response to FGF. Ets transcrip-
naling was required in vivo by blocking it with the Mek tion factors have already been shown to act in the FGF
inhibitor U0126 at different time points (Figure 6D). Com-
pathway in vertebrates, and the members of the Ets1/2
parison of the effect of adding the inhibitor at the mid
subfamily can be directly phosphorylated and activated
or late 32-cell stage revealed that this period, during
by Erk (Yordy and Muise-Helmericks, 2000). A role for
which GATAa is mainly animal, was crucial for the strong
GATAa in this process was more unexpected, as GATA
animal activity of the a-element. Interestingly, there was
factors have so far not been implicated in the FGF path-
also a weak activation of the a-element between the
way. However, the fact that multimerized GATA bindingearly and mid 32-cell stage. This weak activation oc-
sites mediate FGF responsiveness, indicate that, in ourcurred in both animal and vegetal regions and correlates
system, GATA does not act solely to modify or enhancewell with the ubiquitous nuclear localization of the
Ets activity but functions as an FGF-activated transcrip-GATAa protein during this period. Taken together, these
tion factor. Consistent with our proposal of a directdata are in keeping with a role for the transient animal
involvement of GATA factors in the FGF pathway in vivo,localization of GATAa in the restriction of the activity of
it has recently been shown, in vitro, that vertebratethe a-element to the animal region.
GATA4 can be directly phosphorylated and activated
by Erk (Liang et al., 2001).Discussion
Neural Tissue Forms Where FGF9/16/20 Meets theFGF9/16/20, an Endogenous Neural
Ectodermal Response Factor GATAaInducer in Ascidians
FGF9/16/20 is expressed and active in vegetal cells (ImaiIn this study, we have dissected the neural induction
pathway in the ascidian, Ciona intestinalis. We propose et al., 2002). Yet, at the 32-cell stage, activation of Otx
(D) Timing of a-element activation by the endogenous FGF pathway. Embryos electroporated with a-pBra were put into U0126 at different
time points and a-element activity was monitored by Xgal staining at the 110-cell stage (n  130 for each time point).
For embryo pictures in all panels: numbers  positive embryos / total embryos (*: expression is reduced in the remaining embryos, see text);
anterior is up; scale bar  50 m.
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Figure 7. A Model for the Neural Induction Pathway in Ascidians
(A) Signal transduction pathway mediating the activation of Otx by the neural inducer, FGF9/16/20, in the anterior neural precursors.
(B) Activity of the pathway components in the embryo. The region were Ets1/2 and GATAa are able to respond to FGF are in blue and green,
respectively. The domain where FGF9/16/20 is present is in red. Otx is strongly activated where the inducer FGF9/16/20 meets the competence
factor GATAa.
by FGF9/16/20 is restricted to presumptive neural cells Differential Interpretation of FGF9/16/20 by
Prospective Neural and Mesodermal Cellsin the animal hemisphere. Our analysis of the a-element
activity in vivo leads to a model explaining how the Interestingly, FGF9/16/20 has previously been shown to
be involved in the induction of notochord and mesen-restriction of the Otx expression domain is achieved
(Figure 7B). In the animal hemisphere, all cells are com- chyme in vegetal cells (Imai et al., 2002). Thus, a single
FGF acts both as a neural and a mesodermal inducerpetent to form neural tissue in response to the inducer
and the choice between neural and epidermal fates must in ascidians. This raises the interesting issue of how
different cells interpret the same signal in a different way.rely on the spatial restriction of the FGF9/16/20 inducer.
This proposal relies on the following observations: (1) FGF9/16/20 is required for the activation of Brachyury
expression in the notochord (Imai et al., 2002). Whileoverexpression of FGF9/16/20 or bFGF treatment in-
duces Otx expression and activates the a-element in all Ets1/2 is required for the activation of Brachyury expres-
sion (our work; Miya and Nishida, 2003), interferenceanimal cells, and (2) in the animal region of wild-type
embryos, activated Erk is detected only in Otx express- with GATAa has no effect on this gene, suggesting that
Ets1/2 may cooperate with a distinct factor in the vegetaling cells (Hudson et al., 2003). These cells are in direct
contact with the FGF9/16/20-secreting cells, indicating hemisphere. An enhancer driving expression of Brachyury
has been isolated (Corbo et al., 1997). We found a con-that the inducer acts at very short range.
The difference of response between animal and vege- sensus Ets binding site just upstream of two previously
identified important Su(H) binding sites (Corbo et al.,tal cells is based on a different logic as Erk activity is
also detected in the vegetal region (Hudson et al., 2003). 1998), pointing to a partnership between these two fac-
tors in the notochord lineage. Activation of different tar-We propose that it relies on the animal-specific activity
of the GATAa transcription factor because a multimer get genes by FGF in mesoderm versus neurectoderm
could thus be due to the cooperation of the general FGFof GATA sites responds to FGF only in animal cells.
As GATAa mRNAs are ubiquitously distributed at early response factor Ets1/2 with different, spatially restricted,
transcription factors.stages, the inability of GATA sites to transduce the FGF
signal in the vegetal region must be due to a posttran-
scriptional regulation of GATAa. Our results suggest that
A Conserved Pathway in Vertebrates?the GATAa protein is mainly restricted to the animal
As in ascidians, FGF signaling is involved in both neuralnuclei during the second half of the 32-cell stage, a
and mesoderm induction in vertebrates. The FGF(s) in-period critical for the response of the a-element to FGF
volved in these inductions have not been identified sosignaling. It will be interesting to address the molecular
far in vertebrates. In Xenopus, FGF9 and FGF20 arebasis of the regulated distribution of GATA protein,
expressed at the right time and place to play a majorwhich could be due to differential translation, protein
role in these processes (Koga et al., 1999; Song andstability, or subcellular localization. Finally, while this
Slack, 1996). Morpholino knockdown experiments wouldmechanism could be sufficient to account for the animal-
allow testing of the individual or combinatorial roles ofspecific activation of the a-element, GATAa function
these factors and of whether gene duplications in themay additionally be modulated by a spatially restricted
vertebrate lineage has led to the use of different FGFcofactor as already observed for the GATA factor Pan-
nier in Drosophila (Garcia-Garcia et al., 1999). for mesoderm and neural induction.
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optimized conditions, the different cells of an embryo inherit differ-We find that ascidian FGF9/16/20 is a direct activator
ent amounts of plasmid, leading to a mosaic expression of theof neuralizing genes such as Otx. This, and the fact
transgene. Because of this relatively low electroporation efficiency,that repression of BMP signaling does not seem to be
the extent of which is batch dependent, not all embryos electropor-
involved in ascidian neural induction (Darras and Nish- ated with a construct active in a given lineage stain positively in
ida, 2001) contrasts with the current “default model” in this lineage. Therefore, the activities of different constructs were
compared by electroporating them in the same batch of embryosXenopus, in which FGF is proposed to play, at best, a
and 100 embryos or more were always screened for each construct.minor role compared to BMP signaling inhibition (Mu-
All experiments were repeated in at least two batches of embryos,noz-Sanjuan and Hemmati-Brivanlou, 2002). Interest-
and the relative activities of different constructs in a given lineage,ingly, however, experiments in chick have suggested
or of one construct in different lineages were always conserved. In
that, besides downregulating Bmp expression, FGF addition, the activity of two constructs, -3541i1 and a-pBra, follow-
could also induce neural tissue independently of the ing DNA microinjection, which leads to lower mosaicism and higher
efficiency, was qualitatively similar as in electroporation experi-repression of BMP signaling (Streit et al., 2000; Wilson
ments (see text). Finally, to monitor the effect of FGF treatment onand Edlund, 2001). This shared BMP-independent use
the activity of a construct, a single batch of embryos was electropor-of FGF signaling in ascidians and amniotes suggests
ated with this construct and split into two halves. One half wasthat it is a fundamental characteristic of chordate neural
treated with FGF, while the other was left untreated. This protocol
induction, which has been either lost or overlooked in was repeated at least twice and qualitatively similar results were
Xenopus. always obtained.
Could members of the Ets1/2 and GATA families also
play a role in neural induction in vertebrates? Ets2 mes- Injection
Microinjections were carried out as previously described (Ristora-senger is present maternally in Xenopus eggs and has
tore et al., 1999) except that they were performed before fertilizationrecently been shown to be required for the induction of
and with 10 g/l Fast Green (Sigma F7252) as a marker dye. Ap-Brachyury by FGF in mesodermal cells (Kawachi et al.,
proximately 30 pl of solution was injected per egg. The concentration
2003). It will be interesting to test whether it also acts of the solution was 20 ng/l for plasmid, 0.25–0.5 mM for morpholino
in the neural induction pathway. Vertebrate GATA fac- and 0.5 g/l for mRNA (exept EnR-GATAa: 0.03–0.1 g/l). The
tors are thought to antagonize rather than promote neu- sequences of the morpholino oligos purchased from Gene Tools,
LLC were as follows: FGF9-MO (TTGAGTTTGTAGACTGTTGCTGral tissue formation as GATA1/2/3 family members are
CTG); Ets1/2-MO (CATGTTGGTCTACCATGTTTCTGAA); GATAa-MOexpressed during gastrulation in the nonneural ecto-
(GGGTTAGGCATATACATTCTTTGGA).derm in zebrafish, Xenopus, and chick (Kelley et al.,
All synthetic capped mRNA were transcribed with mMessage
1994; Neave et al., 1995; Sheng and Stern, 1999) and mMachine kit (Ambion). For rescue experiments, cDNA modified so
GATA1 has an antineuralizing activity when overex- that they are not recognized by the morpholino (details available
pressed in Xenopus (Shibata et al., 1998; Xu et al., 1997). upon request) were cloned into pBluescript RN3 (Lemaire et al.,
1995). A full-length cDNA for FGF9/16/20 was cloned by PCR from aHowever, GATA2 has no antineuralizing activity (Shibata
larval cDNA library. Its coding sequence is identical to the previouslyet al., 1998; Xu et al., 1997), showing that this is not a
described one (Satou et al., 2002a). cDNA for Ets1/2 and GATAageneral property of GATA factors. GATA2 and GATA5
were obtained from the Ciona intestinalis Gene Collection Release
are present in Xenopus eggs (Jiang and Evans, 1996; 1 (clone Ciad08k16 [AV953857] and Cieg021b07 [AK114877] respec-
Partington et al., 1997; Zon et al., 1991) but the early role tively [Satou et al., 2002b]). The EnR-GATAa construct was gener-
of these maternal GATA factors has not been studied, ated by replacing, in the EnR-Sia construct (Darras et al., 1997),
Siamois by the region coding the DNA binding domain of GATAaleaving open the possibility of an involvement in neural
(aa 303–422). For the localization of the protein, the full GATAa cDNAinduction. Finally, we propose that, in ascidians, the use
(containing 5 and 3 UTR) was transferred into pSP64R1 (Tang etof different response factors accounts for the activation
al., 1995). Venus-GFP, followed or not by a stop, or LacZ followed
of different target genes in neuroectoderm and meso- by a stop, were then fused in frame at the Nco1 site (aa 15 of GATAa).
derm. It will be interesting to test whether the same logic We verified that GATAa-MO completly blocks the translation of the
is used in vertebrates or whether the increase in gene LacZ fusion (0/16) while CTRL-MO do not (13/13).
number has led to the recruitment of different FGF in-
In Situ Hybridization, Immunostaining, and Xgal Stainingducers or receptors in these two lineages as previously
In situ hybridization and Xgal staining were performed as describedsuggested (Hardcastle et al., 2000; Hongo et al., 1999).
(Hudson and Lemaire, 2001; Locascio et al., 1999). Localization ofIn summary, the power of the ascidian system has
ROR2 mRNA (AL664357, AL668701) in the neural plate was deter-
allowed us to propose here a simple model for the neural mined by comparing the in situ hybridization signal with the position
induction process, which constitutes a paradigm for of DAPI-stained nuclei. Anti-GFP immunostaining was performed
studies in the more complex vertebrate embryos. with a rabbit anti-GFP antibody (1/200, Torrey Pines Biolab) followed
by an Alexa 546 conjugated anti-rabbit antibody (1/200, Molecular
Probe).Experimental Procedures
Embryo Handling Promoter Constructs
Embryo culture, animal cells isolation, bFGF, cytochalasin B, and All promoter constructs were made in the p72-1.27 expression vec-
U0126 treatments were as described (Hudson et al., 2003; Hudson tor (Corbo et al., 1997). Positions are given relative to the longest
and Lemaire, 2001). Puromycin (Sigma P7255) was applied at a Otx cDNA isolated (AF305499) with 1 being the first nucleotide of
concentration of 200 g/ml, which had been shown to inhibit 99% this cDNA. The sequence of the Otx upstream region can be found
of labeled valine incorporation in Ciona intestinalis (Whittaker, 1973). on the Ciona intestinalis genome site (http://genome.jgi-psf.org/
ciona4/ciona4.home.html). The -3541i1 and -3541 constructs were
carried out by cloning the Otx promoter fragments, -3541/1303Electroporation
The protocol used was adapted from a previous report (Corbo et and -3541/161, from cosmid no. MPMGc119J1631Q2 (GHGP, Ger-
many), between the Hind3 and BamH1 sites of p72-1.27. The -1723,al., 1997): 200 l of fertilized eggs were put in 500 l of 0.77 M
mannitol containing 100 g of plasmid and electroporated in 0.4 -1541 and -1417 constructs were then obtained by exonuclease III
digestion using the Nested Deletion Kit (Amersham). The -2165,cm cuvettes with a BTX T820 (one pulse, 50V, 16 ms). Under these
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-1133, -832, -706, -271 and -271i1 constructs were generated by lation of the Ciona snail gene in the embryonic mesoderm and neu-
roectoderm. Dev. Biol. 194, 213–225.digestion with the following restriction enzymes: Xho1, Bal1, Rsr2,
Afl2, and Xba1, respectively. Garcia-Garcia, M.J., Ramain, P., Simpson, P., and Modolell, J.
The Brachyury basal promoter construct was made by cloning (1999). Different contributions of pannier and wingless to the pat-
the -68/26 fragment of Brachyury (Corbo et al., 1997) between the terning of the dorsal mesothorax of Drosophila. Development 126,
Pst1 and BamH1 sites of p72-1.27. The following fragments of the 3523–3532.
Otx promoter were then cloned upstream (between Xho1 and Hind3):
Hardcastle, Z., Chalmers, A.D., and Papalopulu, N. (2000). FGF-8
a-element (-1541/-1418), restricted a-element (-1472/-1418) with or
stimulates neuronal differentiation through FGFR-4a and interferes
without mutation of the -1451 and -1450 nucleotides from TC to
with mesoderm induction in Xenopus embryos. Curr. Biol. 10, 1511–
GA, the Ets-fragment (CTAACGGAAGTTTTCGAAAAGGAAATTG) di-
1514.
merized or not, the GATA-fragment (CGTTATCTCTCAATATCTAA
Harland, R. (2000). Neural induction. Curr. Opin. Genet. Dev. 10,GATAGGA) dimerized or not. For mutations in the a-element, the
357–362.core of Ets sites was changed from GGAA to AGAA and the core
Hemmati-Brivanlou, A., and Melton, D. (1997). Vertebrate embryonicof GATA sites was changed from GATA to TATA or AATA using the
cells will become nerve cells unless told otherwise. Cell 88, 13–17.Quickchange Multisite-directed Mutagenesis Kit (Stratagene).
For phylogenetic footprinting, the Cs Otx upstream sequence was Hikosaka, A., Kusakabe, T., and Satoh, N. (1994). Short upstream
obtained from the Ciona savignyi genome website (http://www- sequences associated with the muscle-specific expression of an
genome.wi.mit.edu/annotation/ciona/). actin gene in ascidian embryos. Dev. Biol. 166, 763–769.
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